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ABSTRACT
The spatial arrangement of tree species is a key aspect of community ecology. Because tree species in tropical forests occur at low densi-
ties, it is logistically challenging to measure distributions across large areas. In this study, we evaluated the potential use of canopy tree
crown maps, derived from high-resolution aerial digital photographs, as a relatively simple method for measuring large-scale tree distri-
butions. At Barro Colorado Island, Panama, we used high-resolution aerial digital photographs (~0.129 m/pixel) to identify tree species
and map crown distributions of four target tree species. We determined crown mapping accuracy by comparing aerial and ground-
mapped distributions and tested whether the spatial characteristics of the crown maps reﬂect those of the ground-mapped trees. Nearly
a quarter (22%) of the common canopy species had sufﬁciently distinctive crowns to be good candidates for reliable mapping. The
errors of commission (crowns misidentiﬁed as a target species) were relatively low, but the errors of omission (missed canopy trees of
the target species) were high. Only 40 percent of canopy individuals were mapped on the air photographs. Despite failing to accurately
predict exact abundances of canopy trees, crown distributions accurately reproduced the clumping patterns and spatial autocorrelation
features of three of four tree species and predicted areas of high and low abundance. We discuss a range of ecological and forest man-
agement applications for which this method can be useful.
Abstract in Spanish is available in the online version of this article.
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THE SPATIAL ARRANGEMENT OF TREE SPECIES IS A KEY ASPECT OF
COMMUNITY ECOLOGY AND CONSERVATION (Bolker et al. 2003, Con-
dit et al. 2000, Hubbell 2001, Nathan & Muller-Landau 2000).
Mapping species distributions is a prerequisite for determining
relationships between species distribution and environment vari-
ables (Condit et al. 2000, 2002, Cottenie 2005), dispersal patterns
(Augspurger 1984, Jansen et al. 2008), relationships with animal
distributions (Etienne & Olff 2004, Wisz et al. 2008) and vulnera-
bility to human impact (Asner et al. 2002, Cabeza & Moilanen
2001, Siren et al. 2004). Because tropical forests are characterized
by a high diversity of species that often occur at low densities, a
large survey area is usually required to ensure that both a sufﬁ-
cient number of individuals and enough spatial heterogeneity are
sampled to address important ecological questions (Wu et al.
2002, Wheatley & Johnson 2009). The required area may exceed
50 ha, which is the size of the largest fully mapped tropical forest
plots (Condit 1998, Hubbell et al. 2005), and thus would require
tremendous effort to establish and survey plots. Coverage must
be even larger if canopy trees need to be mapped because can-
opy-sized individuals occur with a density an order of magnitude
lower than understory trees (Asner et al. 2002, Kobe & Vriesendorp
2009).
Remote sensing techniques, particularly hyper-spectral and
high-resolution satellite imaging, offer potential alternatives for
mapping species distributions over large areas. Although remote
sensing is a standard tool for assessing the spatial structure, com-
plexity and dynamics of forests spanning large areas, especially in
the temperate zone (Pouliot et al. 2002, Leckie et al. 2003, Gergel
et al. 2007), few studies have successfully used satellite remote
sensing to map the distribution of tree species in tropical forests
(Clark et al. 2005, Asner et al. 2008). Even when hyperspectral
and high-resolution satellite images are used, it is difﬁcult to iden-
tify tree species, and these images are more expensive and there-
fore not affordable for most facilities that study tropical forests
(Nagendra & Rocchini 2008).
A potentially simple and relatively inexpensive solution is
high-resolution aerial photographs (Vooren & Offermans 1985,
Herwitz et al. 2000, Trichon & Jullien 2006, Gonzalez-Orozco
et al. 2010, Morgan et al. 2010). Trichon and colleagues (Trichon
2001, Trichon & Jullien 2006, Gonzalez-Orozco et al. 2010) have
developed keys for identifying individual tree species from high res-
olution aerial photographs, and assessed the accuracy of these iden-
tiﬁcations in test locations, focusing on errors of commission, i.e.,
the percent of crowns incorrectly identiﬁed as a target species. In
order to map canopy tree densities from aerial photographs, errors
of both commission and omission (the percent of canopy trees of
the target species missed in the aerial mapping) are both important.
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For many ecological and management purposes at large spatial
scales, however, mapping relative species densities and spatial prop-
erties of species distributions is more important than mapping the
exact number of individuals. Thus, even if the accuracy rates for
individual tree detection are modest, the aerial mapping technique
may provide a good quantiﬁcation of the large-scale spatial proper-
ties of species distributions. Especially since such properties have
become an important topic in ecology, not only as a descriptor but
also as a key factor in the study of patterns and process. Properties
like spatial distribution, patterns of aggregation and spatial depen-
dency (e.g., spatial autocorrelation) have been shown to inﬂuence
signiﬁcantly forest dynamics (Dale1999), hence the outcome of
ecological studies (Perry et al. 2006).
In this study, we quantify the accuracy of using high-resolu-
tion aerial digital photographs to obtain spatial distributions of
canopy tree species over 75 ha of diverse tropical forest at Barro
Colorado Island, Panama. We mapped the distribution of canopy
trees of four species and tested the rates of omission and com-
mission based on fully mapped plots. We also determine how
well the mapped crown density can replicate spatial properties of
the stem maps, particularly relative tree density, spatial autocorre-
lation and spatial aggregation.
METHODS
STUDY AREA.—Barro Colorado Island (BCI), Panama (9°9′
N,79°51′ W) is a 1560-ha island covered with tropical moist for-
est, which was isolated from the surrounding mainland between
1910 and 1914 when the Chagres river was dammed to form the
central part of the Panama Canal. The island has an annual rain-
fall of 2623 mm with a 4-mon dry season between December
and May (Leigh 1999). For all of BCI, 317 tree species have been
recorded (Knight 1975) of which 115 are canopy species (average
canopy height is 18–30 m). Fifty-nine of the canopy species are
‘common’ (Croat 1978).
We used two mapped forest plots for evaluation of the aerial
photography method: a 50-ha (1000 9 500 m) of old-growth for-
est in which all trees  1 cm diameter at breast height (dbh) have
been mapped (Condit 1998, Hubbell et al. 1999, 2005) and; (2) an
adjacent 25-ha (500 9 500 m) plot of secondary forest in which all
trees  0 cm dbh have been mapped (Wright & Jansen, unpubl.
data). Also for the 25-ha plot, all reproductive individuals of the
palm species Attalea butyracea (Mutis ex L.f.) Wess. Boer (Aracaceae),
and Astrocaryum standleyanum Bailey (Aracaceae), and all trees
 10 cm dbh for Jacaranda copaia Aubl. (Bignoniaceae) and Dipteryx
panamensis (Pittier) Record &Mell (Fabaceae) were mapped. We used
map data from 2005 for the 50-ha plot and 2004 for the 25-ha plot.
AERIAL PHOTOGRAPHY.—High-resolution digital aerial photographs
were taken from a small plane (Cessna 172) that ﬂew parallel
transects over BCI. The door of the plane was removed and the
photographer took the photographs with a digital camera (12.3-
megapixel digital SLR camera -Fuji FinePix S3 Pro- with a
35 mm lens, f-stop 4.5–4.8, shutter speed 1/700–1/1000 s, and
ISO speed 400) pointing straight down from the plane while sit-
ting at the entrance and secured with a harness. We use the term
digital aerial photographs (sensu Morgan et al. 2010), and just pho-
tographs for short, due to its common usage, although these
images are technically images not photographs, which utilize ﬁlm.
A constant altitude was maintained. Transects were ﬂown using
the directions of a printed ﬂying plan and tracked with a GPS
receiver (Garmin 60CSx). Flights were ﬂown in overlapping
north-south swaths at an altitude of 400 m in 2005, 700 m in
2006 and 800 and 1000 m in 2007. In 2005, each photograph
covered 8.6 ha with a spatial resolution of 0.085 m/pixel. In
2006, coverage and resolution averaged 15.9 ha and 0.114 m/
pixel. In 2007, images were collected at two resolutions—
0.122 m/pixel (10.2 ha coverage/photo) and 0.180 m/pixel
(22.3 ha coverage/photo). The aerial photographs were registered
to a geo-referenced March 2004 Quickbird satellite image of BCI
(Digital-Globe, Longmont, CO, U.S.A.) using ERDAS IMAGINE
v.8.7 software (Leica Geosystems, GA, U.S.A.). While Quickbird
images allow discrimination of highly conspicuous trees, such as
Tabebuia guayacan (Seem.) Hemsley (Bignoniacea) when it is ﬂow-
ering (Sánchez-Azofeifa et al. 2011), they cannot be used to map
less-conspicuous species, including species and individuals whose
crowns do not have highly conspicuous ﬂowers, or species whose
identiﬁcation is based on ﬁne scale shape, such as palms (Jansen
et al. 2008 Fig. 1). We used features visible in both photographs
and satellite image, such as ﬂowering T. guayacan, edges of the
island, telemetry towers and large tree crowns, as registration
points for warping and geo-referencing the individual photo-
graphs in order to obtain an island-wide mosaic. For the 75-ha
area used for ground-truthing (Fig. 1), we used 43, 19 and 7
georeferenced photographs in 2005, 2006 and 2007, respectively.
SPECIES EVALUATION.—We overlaid the photomosaic with a diame-
ter-scaled stem map of the 50-ha plot to determine which of the
59 common canopy tree species could be reliably identiﬁed and
FIGURE 1. Aerial photographs mosaic of the study area (75-ha) at BCI.
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mapped from aerial photographs. We divided the 50-ha plot into
two equal sections, a training section and a test section. Nine spe-
cies with less than ﬁve individuals in the training section were
excluded from analysis because there was low intraspeciﬁc varia-
tion captured. In the training section, we develop an identiﬁcation
key (Fig. 2) based on the crown typology, speciﬁcally conspicuous
crown contour, architecture, foliage cover and texture, color and
phenology (Trichon 2001). Species with non-distinct or highly
variable crowns were not included. After a training session, the
test section was surveyed to map individuals of each of the spe-
cies and the resulting maps were compared to the stem map to
determine the percentages of correct identiﬁcations (Fig. 2).
Given that the accuracy in the estimation of species spatial pat-
terns might rely on the ability to capture both ﬂowering and non-
ﬂowering crowns, the target species in this study where selected
based on the high detection percentage of all crowns.
CROWN MAPPING AND ACCURACY ASSESSMENT.—Using ArcGIS v.9.3
(ESRI 2011), two analysts separately surveyed the 2005, 2006
and 2007 photographs for crowns of the four study species
(Table 1) for the 50-ha and 25-ha plots. These species were
selected because they had the most distinctive crowns of all spe-
cies (Fig. 2). This survey was done by placing a 50 9 50 m grid
over the 75 ha and identifying all tree crowns per grid square. By
drawing polygons that traced the contours of each crown, we
produced a map of the distribution of sun-exposed individuals
and their crown sizes for the entire 75 ha, from which average
crown size and canopy stem density were determined.
FIGURE 2. Aerial photographs of crowns for 11 tree species on Barro Colorado Island that may be suitable for aerial mapping. Numbers are the percentage of
correct identiﬁcations in a blind survey for the 25 ha training area.
TABLE 1. Characteristics of the four species selected for crown mapping from the aerial










Dispersal mode Animal Animal Wind Animal
Height (m) 30 20 30 50
Characteristics palm tree palm tree Tree Tree
Shade
tolerance
Low Medium Low Low
Individuals
mapped
3121 2456 977 412
Phenology Evergreen Evergreen Deciduous Deciduous














Blooming – – Clusters Mass (July)
Crown
diameter (m)
8.9 6.4 15.1 24.8
Density (ha1) 2.05 1.73 0.67 0.25
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The accuracy of these maps was evaluated by comparing the
photo-derived crown maps to the stem maps. We attempted to
link all aerially mapped crowns to ground-mapped stems using
the GPS locations and overlaying both maps. Crowns identiﬁed
in the aerial photographs that could not be linked to a stem were
considered false positives. Errors due to commission (false posi-
tives) and omission (false negatives) were assessed for each ana-
lyst using a modiﬁed version of the error matrix described by
Congalton (1991). To perform these tests, we established a mini-
mum dbh threshold above which all trees could be assumed to
be in the canopy:  10 cm dbh for palms and  30 cm dbh for
non-palms. The combined effort of both analysts’ identiﬁcations
resulted in a ﬁnal distribution map that was used in the analyses
of spatial patterns described below. For D. panamensis, we only
used the crown map from just the analyst with the lowest errors.
To do determine if the crown map could estimate the relative
abundance and clumping patterns of these species, we compared
ground and aerial photo-based maps using three methods: Ripley’s
K, Morans I, and spatial regression. Ripley’s K function (K(d)), cal-
culated from individual stem and crown locations, quantiﬁes the
spatial aggregation of tree stems at various inter-tree distances and
determines if the amount of clumping deviates signiﬁcantly from
a random distribution (Ripley 1976). The K(d) function was trans-
formed to L(d) = √K(d)/p-d, and plotted as L(d)/d, to illustrate
how the observed spatial pattern of each species deviates from a
random distribution at various distances (Besag & Diggle 1977).
For each species, we compared separate L(d)/d functions deter-
mined from the stem map and the crown map.
We then compared the patterns of spatial autocorrelation
between the stem and crown maps with the Moran’s I test, using
different grid sizes to determine how the spatial resolution of the
study might affect the results. We estimated the average density
of individual trees in several square grids (grid sides of 25, 50,
100 and 200 m) for both the crown and stem maps. We used
Moran’s I test to measure the spatial autocorrelation at each reso-
lution, and generated spatial correlograms that show Moran’s I
coefﬁcients for various grid sizes. We tested for global signiﬁ-
cance between the correlograms generated by the stem map and
aerial photographs using the Bonferroni criterion, which accounts
for the dependence among coefﬁcients at different spatial scales
(Fortin 1999). Global signiﬁcance between the stem and photo
correlograms indicates that the crown and ground maps gener-
ated similar strengths and distances of spatial autocorrelation.
Finally, we performed spatial regressions to ascertain
whether the crown maps could determine the areas of relatively
high and low abundance while taking into account the spatial
autocorrelation of the data. Using the stem map as the predictor
variable and the crown map as the response variable, we deter-
mined the accuracy (coefﬁcient) and strength (r2) of the relation-
ship between the crown and stem maps for different grid sizes
for each species. The Moran’s I and spatial regression analyses
were performed using the software package OpenGeoDa for
Mac OS X v. 0.9.9.12 (Anselin et al. 2006). The linear regressions
and Ripley’s K analyses were done in R using the packages
splancs (Ripleys K) and stats (regressions) packages.
RESULTS
Of the 50 common canopy tree species, eleven (22%) were
potentially suitable for aerial crown mapping based on evaluation
in the 25-ha training area (Fig. 2). We choose four of the species
with percentage of correct identiﬁcation above 20 percent. For
the 4 target species, 1290 canopy individuals were mapped on the
ground in the 50- and 25-ha plots, but just 531 (41%) of the can-
opy-sized stems of these species were detected in the aerial pho-
tographs. Analyst 1 detected 480 individuals on the photographs
(37%) while analyst 2 detected 390 individuals (30%). Crowns of
J. copaia were most accurately identiﬁed on the photographs
(76%) while those of A. standleyanum were the least accurately
identiﬁed (19%). The two analysts had very similar accuracy rates
for the two palms, but different accuracy rates for the non-palms,
including a high error of commission rate for D. panamensis for
analyst 1 (Table 2).
Despite identifying less than 50 percent of the canopy indi-
viduals, the crown maps accurately captured the spatial patterns
of three of the four species. The spatial aggregation, which is
measured as Ripley’s K function, was very similar for stem and
crown maps for A. butyracea, A. standleyanum and J. copaia (Fig. 3).
Ripley’s K functions for D. panamensis, however, showed high
clumping at short distances for the crown map but not for the
stem map.
The correlograms of the Moran’s I values for different plot
sizes were globally signiﬁcant for three (A. butyracea, A. standleya-
num and J. copaia) of the four species, indicating crown and stem
maps produced similar spatial autocorrelation patterns across all grid
sizes (Fig. 4). Thus for A.butyracea, A. standleyanum and J. copaia
TABLE 2. Accuracy assessment of 75-ha crown maps derived from aerial photographs for four tree species on Barro Colorado Island.
Commision (%) Ommision (%) Accuracy (%)
Total accuracy
per species (%)Analyst 1 Analyst 2 Analyst 1 Analyst 2 Analyst 1 Analyst 2
Attalea butyracea 5.3 0.8 43.0 42.6 57.0 57.4 64.8
Astrocaryum standleyanum 3.4 0.6 83. 9 89.3 16.1 10.6 18.8
Jacaranda copaia 5.0 4.7 29.0 44.5 70.9 55.4 76.0
Dipteryx panamensis 60.3 1.6 34.9 52.4 65.1 47.6 65.1
Total accuracy per analyst (%) 18.5 1.9 47.7 57.2 37.2 30.2 41.2
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the spatial autocorrelation increased with grid size. In the case of
D. panamensis, the Moran’s I test was not signiﬁcant globally or
for any of the resolutions between the stem or crown maps. The
correlograms showed a nearly identical magnitude of spatial auto-
correlation for A. butyracea at all grid sizes, and a similar pattern
but slightly lower magnitude of spatial autocorrelation for J. copa-
ia. The crown map produced substantially lower Moran’s I values
for A. standleyanum than the stem map, especially at smaller grid
(Fig. 5).
Visual inspection of the crown and stem maps indicated that
areas of high and low tree densities on large scales were similar
(Fig. 5; Appendix S1). This was conﬁrmed by the spatial regres-
sion, which showed a signiﬁcant correlation between the stem and
crown maps for all grid sizes and species (Table 3). The regres-
sion coefﬁcient did not change with grid size for three of the four
species but decreased with grid size for D. panamensis (Table 3).
DISCUSSION
High-resolution aerial photographs potentially offer a solution for
mapping trees over large areas at a relatively low cost (Morgan et al.
2010). This would enable ecological and management issues related
to canopy tree distributions on a large scale to be addressed. The
successful use of aerial photographs to identify various species of
trees (e.g., Read et al. 2003, Trichon 2001, Trichon & Jullien 2006)
makes the use of this methodology especially promising.
MAPPING SPATIAL PATTERNS.—This study indicated that high reso-
lution aerial photographs may be a useful tool for determining
overall spatial patterns of canopy tree species distributions, but
not providing exact estimates of canopy tree species abundance.
We found that in most cases, tree crowns identiﬁed to species
were accurately identiﬁed, i.e. there are low rates of commission
errors, which is consistent with other studies in tropical forests
(Trichon 2001, Myers 1982). One exception was for analyst 1 in
mapping D. panamensis, which had a commission rate of error of
60 percent (Table 2). This method, however, missed many indi-
viduals of the target canopy species, i.e. it had high rates of omis-
sion errors (40%). Trichon and Jullien (2006) report a similar
low percentage (45%) of canopy trees that could be identiﬁed
FIGURE 3. Ripley’s K functions of clumping compared between (aerial)
crown maps and ground-based stem maps over 75 ha, for four canopy tree
species on Barro Colorado Island. Values of L(d)/d above 1 indicate greater
clumping, and below 1 indicate even distributions. Solid lines represent
observed L(d)/d relations, while dashed lines represent the 95% envelope for
a random (not spatially clustered) pattern of the same number of individuals,
generated through 99 Monte Carlo simulations assuming complete spatial
randomness.
FIGURE 4. Correlograms of Moran’s I test with stem maps and crown maps
for four canopy tree species on Barro Colorado Island.
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in high resolution aerial photographs, although this was not eval-
uated for individual species.
Despite the low accuracy of quantifying exact species abun-
dances across the 75-ha, the crown maps generated from the aer-
ial photographs accurately described the spatial characteristics of
the canopy-sized individuals for three of the four target species.
The crown maps reproduced the clumping characteristics and
spatial autocorrelation patterns of these three species. Finally, the
spatial regressions showed that the crown maps were good pre-
dictors of the relative densities derived from the stem map. This
conﬁrms the study by Jansen et al. (2008), which using different
methods showed the density of A. standleyanum in the 25-ha plot
of BCI was highly correlated with stem-based densities. In this
analysis, we extend this analysis to include the 50-ha plot, as well
as showing the strong correlation for two other species, A. butyra-
cea and J. copaia.
The aerial mapping method was least successful in reproduc-
ing the spatial abundance of D. panamensis. While ground-based
spatial clumping and spatial autocorrelation patterns were not
reproduced by the crown map, spatial regressions between the
crown and ground map were signiﬁcant at all scales for this spe-
cies, although the coefﬁcients were not consistent among spatial
scales (Table 3). A better approximation of tree densities using
the air photographs may be provided by more advanced tech-
niques, such as those described by Caillaud et al. (2010), which
used dbh-calibrated probability and smoothing functions to pre-
dict tree density from the crown map.
It is interesting to compare the results of A. standleyanum,
which had the highest rates of omission, and D. panamensis, which
had the highest rates of commission. As mentioned above, the
crown map of D. panamensis did a poor job of reproducing the
spatial characteristics of the ground-based stem map. However,
even though only 20 percent of the canopy individuals of
A. standleyanum were identiﬁed over 75-ha in the photographs,
the crown map performed reasonably well in predicting the spa-
tial patterns of canopy stems. Clumping patterns were well repro-
duced. The pattern of spatial autocorrelation was reproduced,
although the magnitude of spatial autocorrelation from the pho-
tographs was too low at all grid sizes. Finally, densities of crown
signiﬁcantly predicted densities of canopy stems, and the amount
of variation explained increased with grid size, indicating this
method was most reliable for predicting landscape scale trends in
this species. This suggests that the key to correctly describing the
spatial pattern of a species from aerial photographs is to have
low rates of commission rather than low rates of omission. This
suggests that species in other studies with low rates of commis-
sion but not reported rates of omission (Trichon 2001, Trichon
& Jullien 2006), would be good candidates for mapping spatial
characteristics of the species over landscape scales.
D. panamensis had a low rate of commission errors for analyst
2 but a high rate of commission errors of analyst 1 (Table 2). In
most cases, there was good agreement between the two analysts,
indicating the repeatability of this method. Additional training,
iterative consultation between analysts or, the recently tested,
FIGURE 5. Density maps of the 50-ha (rectangle) and 25-ha (square) plots
using various grid sizes for the palm Attalea butyracea. Tree density is repre-
sented by a gradient of 4 densities in proportions of the total number of indi-
viduals (i.e., 25, 50, 75, 100), from low-density areas (light) to high tree
density areas (dark).




standleyanum Jacaranda copaia Dipteryx panamensis
Coefﬁcient R2 Coefﬁcient R2 Coefﬁcient R2 Coefﬁcient R2
25 9 25 0.66 0.75 0.17 0.25 0.52 0.62 00.75 0.43
50 9 50 0.67 0.86 0.16 0.43 0.52 0.69 0.75 0.46
100 9 100 0.65 0.93 0.13 0.64 0.50 0.76 0.77 0.51
200 9 200 0.65 0.96 0.18 0.86 0.49 0.91 0.57 0.64
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dichotomous identiﬁcation keys and computer base interfaces
(Gonzalez-Orozco et al. 2010), however, may be important to make
consistent identiﬁcation for all species and to lower error rates.
It is important to note that we used a diameter threshold to
generate stem maps of all potential canopy trees, which is likely
to misrepresent which trees are actually sun-exposed and thus
potentially visible from aerial photographs. The two non-palms
species (D. panamensis and J. copaia) are both light-demanding,
which would indicate that trees of these species would be found
in the canopy even below 30 cm dbh. Because the palms do not
have radial growth, it is even more difﬁcult to use a diameter
threshold to indicate canopy or understory species. However,
even without a precise map of only trees that have reached the
canopy, our results indicate the crown map reliably reproduces
the large-scale spatial patterns of large trees of three of the four
study species.
IDENTIFICATION OF SPECIES.—In this study, aerial photography
allowed us to map the distribution of canopy individuals for 22
percent of the common canopy tree species for a 75 ha study
area, which is considerably higher than 9.2 percent of species
reported by Trichon and Jullien (2006) for 15 ha of tropical for-
est in French Guiana. The higher percentage of identiﬁcations
may be due to the larger area, which included a stem map for all
canopy trees, covered in this study. The large study area allows
closer examination of the intra- and inter-speciﬁc variation in
crown typology, which is critical to generate a higher number of
reliable tree identiﬁcations. We only performed careful analysis of
four of the 11 species with relatively distinguishable crown typol-
ogy. For the other seven species, it would be worthwhile to deter-
mine the rates of commission errors to generate good candidates
for large-scale mapping. This leaves 80 percent of the common
canopy-statured species that are poor candidates for mapping
from aerial photographs. Other techniques, especially high resolu-
tion, airborne hyperspectral imagery, holds the most promise for
large scale mapping of these species (Bohlman & Lashlee 2005,
Clark et al. 2005, Asner et al. 2008). These images are very
expensive and rarely available, however, thus the aerial photogra-
phy method is a good choice for species where there is cause to
believe that their crowns are distinct.
The species that were distinguishable in the study had partic-
ular characteristics that may be relevant for choosing target spe-
cies to map in other areas of tropical forest. First, our study, as
well as that of Gonzalez-Orozco et al. (2010), indicates palm spe-
cies are good candidates for aerial mapping. Two of the four
most distinguishable species, and four of the 11 possible species,
were palms that are not only distinctive from non-palms, but also
are distinctive from each other. Second, D. panamensis, L. seemanii,
Z. ekmanii and T. guayacan were all distinctive in large part because
of the phenological state of the species when the images were
taken in the dry season. D. panamensis, L. seemanii, and Z. ekmanii
had senescing leaves. T. guayacan, and to a lesser extent J. copaia,
had crowns covered in ﬂowers. To identify a species that is good
candidate for aerial mapping based on phenology requires that
the phenological state be visually striking when viewed from
above, distinct from other species, and fairly synchronous across
a population. In some cases, this is fairly easy to judge, such as
T. guayacan trees, which are extremely noticeable even on the
ground when they ﬂower synchronously across central Panama.
In other cases, such as L. seemanii and Z. ekmanii, it would be
more difﬁcult to determine on the ground that these tall canopy
tree species would be distinct, and their detectability can only be
assessed after viewing them in the aerial photographs.
ECOLOGICAL APPLICATIONS.—The species that were reliably identi-
ﬁed in aerial photographs included several ecologically important
species occurring on BCI. For example, A. butyracea is host to the
triatomine insect Rhodnius prolixus Stal, an important vector of
Chagas disease (Sanchez-Martin et al. 2006). The potential distri-
bution of the Chagas disease could be reﬁned by mapping palms
from digital aerial photographs, which has not been possible with
satellite images (Guhl 2010). In addition, indigenous communities
in Panama and Colombia use A. standleyanum leaves to build the
walls of houses and weave traditional baskets (Dalle et al. 2002,
Potvin et al. 2003). However, A.standleyanum does not germinate
easily, and the seedling takes a long time to emerge and grow to
an appropriate size for harvesting (Potvin et al. 2003). Knowledge
of the spatial distribution of A. standleyanum in relation to human
densities would help determine possible impacts of human popu-
lations on A. standleyanum. Also, better management of the species
would be enabled by determining where reproductive adult trees
are concentrated, thus facilitating seed collection. Additionally, the
fruits of D. panamensis, A. butyracea and A. standleyanum are key
resources for the terrestrial mammals on BCI (Smythe 1986).
Mapping these tree species allows the habitat quality for verte-
brates to be assessed and the interactions between vertebrates and
their food plants to be evaluated, as shown in previous studies
(e.g., Caillaud et al. 2010, Galvez et al. 2009, Jansen et al. 2008).
Finally, the technique described here offers ﬂexibility in
terms of time and costs. Over ﬂights can be timed at speciﬁc
ﬂowering events and take advantage of favourable cloud condi-
tions, which can be limited in the tropics, on short notice. This
technique can be less costly than satellite imagery or airborne
images from commercial sensors with high enough spatial or
spectral resolution for species identiﬁcation. Although we
mounted the readily available digital cameras on a small aircraft
in their study, it can also be potentially used from helicopters,
and unmanned aerial vehicles (UAV), which are becoming more
widely available and inexpensive (Getzin et al. 2012).
CONCLUSION
Visual analysis of high-resolution aerial photography is suitable
for the mapping of speciﬁc tropical forest canopy tree species across
large spatial scales. For several species, conclusions on spatial
distributions and patterns inferred from ground-surveyed and
aerial photo-surveyed trees are similar. The proposed method is a
relatively low-cost and low-tech alternative to large-scale ground
surveys and hyper-spectral remote sensing, with various promis-
ing potential applications.
314 Garzon-Lopez, Bohlman, Olff, and Jansen
ACKNOWLEDGMENTS
We thank Helene Muller-Landau for initiating the photo acquisi-
tion and the University of Minnesota for funding, We also thank
the Smithsonian Tropical Research Institute for their logistical
support, and the Center of Tropical Forest Science for making
publicly available information regarding the 50-ha Dynamics Plot.
We are very grateful to Joe Wright and Helene Muller-Landau for
his vital support and sharing data of the 6-ha plots, funded by
the National Science Foundation (DEB 0453665). We specially
wish to thank Alejandro Ordo~nez for his input to the manuscript
and Marcos Guerra for taking the photographs. The Ubbo
Emmius scholarship program of the University of Groningen
(CXG) funded this work.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
APPENDIX S1. Density maps of the 50-ha and 25-ha plots
using various grid sizes for Astrocaryum standleyanum, Dipteryx
panamenisis and Jacaranda copaia.
LITERATURE CITED
ANSELIN, L., I. SYABRI AND Y. KHO. 2006. GeoDa: An introduction to spatial
data analysis. Geographical Analysis 38: 5–22.
ASNER, G. P., M. KELLER, R. PEREIRA AND J. C. ZWEEDE. 2002. Remote sens-
ing of selective logging in Amazonia Assessing limitations based on
detailed ﬁeld observations, Landsat ETM +, and textural analysis.
Remote Sens. Environ. 80: 483–496.
ASNER, G. P., D. E. KNAPP, T. KENNEDY-BOWDOIN, M. O. JONES, R. E. MAR-
TIN, J. BOARDMAN AND R. F. HUGHES. 2008. Invasive species detection
in Hawaiian rainforests using airborne imaging spectroscopy and
LIDAR. Remote Sens. Environ. 112: 1942–1955.
AUGSPURGER, C. K. 1984. Seedling survival of tropical tree species: Interac-
tions of dispersal distance, light-gaps, and pathogens. Ecology 65:
1705–1712.
BESAG, J. E. AND P. J. DIGGLE. 1977. Simple Monte Carlo tests for spatial pat-
tern. Appl. Stat. 26: 327–333.
BOHLMAN, S. A. AND D. LASHLEE. 2005. High spatial and spectral resolution
remote sensing of Panama Canal Zone forests: An applied example
mapping tropical tree species. In R. S. Harmon (Ed.). The Rio
Chagres: A multidisciplinary proﬁle of a tropical watershed, pp. 245–
258. Kluwer Press, Dordrecht.
BOLKER, B. M., S. W. PACALA AND C. NEUHAUSER. 2003. Spatial dynamics in
model plant communities: What do we really know?. Am. Nat. 162:
135–148.
CABEZA, M. AND A. MOILANEN. 2001. Design of reserve networks and the
persistence of biodiversity. Trends Ecol. Evol. 16: 242–248.
CAILLAUD, D., M. C. CROFOOT, S. V. SCARPINO, P. A. JANSEN, C. X. GARZON-
LOPEZ, A. J. S. WINKELHAGEN, S. BOHLMAN AND P. D. WALSH. 2010.
Modeling the Spatial Distribution and Fruiting Pattern of a Key Tree
Species in a Neotropical Forest: Methodology and Potential Applica-
tions. PLoS ONE 5: 1–10.
CLARK, M., D. ROBERTS AND D. CLARK. 2005. Hyperspectral discrimination of
tropical rain forest tree species at leaf to crown scales. Remote Sens.
Environ. 96: 375–398.
CONDIT, R. 1998. Tropical forest census plots: methods and results from Bar-
ro Colorado Island and a comparison with other plots. Springer-Ver-
lag, Heidelberg, 221 pp.
CONDIT, R., P. S. ASHTON, P. BAKER, S. BUNYAVEJCHEWIN, S. GUNATILLEKE,
N. GUNATILLEKE, S. P. HUBBELL, R. B. FOSTER, L. HUA SENG, A. ITOH,
J. V. LAFRANKIE, E. LOSOS, N. MANOKARAN, R. SUKUMAR, AND
T. YAMAKURA. 2000. Spatial patterns in the distribution of common
and rare tropical tree species: a test from large plots in six different
forests. Science 288: 1414–1418.
CONDIT, R., N. PITMAN, E. G. J. LEIGH, J. CHAVE, J. TERBORGH, R. B. FOSTER,
P. NU~nEZ, S. AGUILAR, R. VALENCIA, G. VILLA, H. C. MULLER-LANDAU,
E. LOSOS AND S. P. HUBBELL. 2002. Beta- diversity in tropical forest
trees. Science 295: 666–669.
CONGALTON, R. 1991. A review of assessing the accuracy of classiﬁcations of
remotely sensed data. Remote Sens. Environ. 37: 35–46.
COTTENIE, K. 2005. Integrating environmental and spatial processes in ecolog-
ical community dynamics. Ecol. Lett. 8: 1175–1182.
CROAT, T. A. 1978. The ﬂora of Barro Colorado Island. Stanford University
press, Stanford. 943 pp.
DALE, M. R. T. 1999. Spatial pattern analysis in plant ecology. Cambridge
University press, Cambridge.
DALLE, S. P., H. LOPEZ, D. DIAZ, P. LEGENDRE, AND C. POTVIN. 2002. Spatial
distribution and habitats of useful plants: An initial assessment for
conservation on an indigenous territory. Panama.. Biodivers. Conserv.
11: 637–667.
ESRI. 2011. ArcGIS desktop: Release 10. Redlands, CA: Environmental
Systems Research Institute.
ETIENNE, R. S. AND H. OLFF. 2004. How Dispersal Limitation Shapes Species –
Body Size Distributions in Local Communities. Am. Nat. 163: 69–83.
FORTIN, M.-J. 1999. Effects of sampling unit resolution on the estimation of
spatial autocorrelation. Ecoscience 6: 636–641.
GALVEZ, D., B. KRANTSAUBER, R. W. KAYS AND P. A. JANSEN. 2009. Scatter
hoarding by Central American agouti: A test of optimal cache spacing
theory. Anim. Behav. 78: 1327–1333.
GERGEL, S. E., Y. STANGE, N. C. COOPS, K. JOHANSEN AND K. R. KIRBY.
2007. What is the Value of a good map? An example using high
spatial resolution imagery to aid riparian restoration. Ecosystems 10:
688–702.
GETZIN, S., K. WEIGAND, AND I. SCHÖNING. 2012. Assessing biodiversity in
forests using very high-resolution images and unmanned aerial vehi-
cles. Meth. Ecol. Evol. 3: 397–404.
GONZaLEZ-OROZCO, C. E., M. MULLIGAN, V. TRICHON AND A. JARVIS. 2010.
Taxonomic identiﬁcation of Amazonian tree crowns from aerial pho-
tography. Appl. Veg. Sci. 13: 510–519.
GUHL, F. 2010. Variables ambientales, sensores remotos y sistemas de infor-
macion geograﬁca aplicados al estudio de la distribucion de Rhodnius
prolixus en Colombia. Revista de la Academia Colombiana de Ciencias
24: 27–35.
GUNATILLEKE, S., P. HUBBELL, R. B. FOSTER, A. ITOH, J. LAFRANKIE, H. S.
LEE, E. LOSOS, N. MANOKARAN, R. SUKUMAR, AND T. YAMAKURA. 2000.
Spatial patterns in the distribution of tropical tree species. Science 288:
1414–1418.
HERWITZ, S. R., R. E. SYLE AND S. M. TURTON. 2000. Long-term survivorship
and crown area dynamics of tropical rain forest canopy trees. Ecology
81: 585–597.
HUBBELL, S. P. 2001. The uniﬁed neutral theory of biodiversity and biogeogra-
phy. Princeton University press, Princeton. 448 pp.
HUBBELL, S.P., R. CONDIT, AND R. B. FOSTER. 2005. Barro Colorado Forest
Census Plot Data. Available at: https://ctfs.arnarb.harvard.edu/webat-
las/datasets/bci (accessed 1 May 2006).
HUBBELL, S. P., R. B. FOSTER, S. T. O’BRIEN, K. E. HARMS, R. CONDIT,
B. WECHSLER, S. J. WRIGHT, AND S. LOO DE LAO. 1999. Light gap
disturbances, recruitment limitation, and tree diversity in a neotropical
forest. Science 283: 554–557.
Mapping Tropical Trees from Aerial Photographs 315
JANSEN, P. A., S. BOHLMAN, C. X. GARZON-LOPEZ, H. OLFF, H. C. MULLER-
LANDAU AND S. J. WRIGHT. 2008. Large-scale spatial variation in palm
fruit abundance across a tropical moist forest estimated from high-res-
olution aerial photographs. Ecography 31: 33–42.
KNIGHT, D. H. 1975. A phytosociological analysis of species rich tropical for-
est: Barro Colorado Island, Panama. Ecol. Monogr. 45: 259–284.
KOBE, R. K. AND C. F. VRIESENDORP. 2009. Size of sampling unit strongly
inﬂuences detection of seedling limitation in a wet tropical forest.
Ecol. Lett. 12: 220–228.
LECKIE, D. G., F. A. GOUGEON, D. WALSWORTH AND D. PARADINE. 2003. Stand
delineation and composition estimation using semi-automated individ-
ual tree crown analysis. Remote Sens. Environ. 85: 355–369.
LEIGH, E. G. J. 1999. Tropical forest ecology: A View from Barro Colorado
Island. Oxford University press, Oxford. 245 pp.
MORGAN, J. L., S. E. GERGEL AND N. C. COOPS. 2010. Aerial photography: A
rapidly evolving tool for ecological management. Bioscience 60: 47–59.
MYERS, B. J. 1982. Large-scale color aerial photographs - A useful for tropical
biologist. Biotropica 14: 156–157.
NAGENDRA, H. AND D. ROCCHINI. 2008. High-resolution satellite imagery for
tropical biodiversity studies: The devil is in the detail. Biodiv. Conserv.
17: 3431–3442.
NATHAN, R. AND H. C. MULLER-LANDAU. 2000. Spatial patterns of seed dis-
persal, their determinants and consequences for recruitment. Trends
Ecol. Evol. 15: 278–285.
PERRY, G. L. W., B. P. MILLER AND N. J. ENRIGHT. 2006. A comparison of
methods for the spatistical analysis of spatial patterns in plant ecology.
Plant Ecol. 187: 59–82.
POTVIN, C., R. CANSARI, J. HUTTON, I. CAISAMO AND B. PACHECO. 2003. Prepa-
ration for propagation: Understanding germination of giwa (Astrocar-
yum standleyanum), wagara (Sabal mauritiiformis), and eba (Socratea
exorrhiza) for future cultivation. Biodiver. Conserv. 12: 2161–2171.
POULIOT, D. A., D. J. KING, F. W. BELL AND D. G. PITT. 2002. Automated tree
crown detection and delineation in high-resolution digital camera
imagery of coniferous forest regeneration. Remote Sens. Environ. 82:
322–334.
READ, J. M., D. B. CLARK, E. M. VENTICINQUE AND M. P. MOREIRA. 2003.
Application of merged 1-m and 4-m resolution satellite data to
research and management in tropical forest. J. Appl. Ecol. 40: 592–
600.
RIPLEY, B. 1976. The second order analysis of stationary point processes.
J. Appl. Probab. 13: 255–266.
SaNCHEZ-AZOFEIFA, A., R. BENOIT, J. WRIGHT, J. FENG, P. LI, M. M. CHONG,
AND S. A. BOHLMAN. 2011. Estimation of the distribution of Tabebuia
guayacan (Bignoniaceae) using high-resolution remote sensing imagery.
Sensors 11: 3831–3851.
SANCHEZ-MARTIN, M. J., M. D. FELICIANGELI, D. CAMPBELL-LENDRUM AND C.
R. DAVIES. 2006. Could the Chagas disease elimination programme in
Venezuela be compromised by reinvasion of houses by sylvatic Rhod-
nius prolixus bug populations?. Trop. Med. Int. Health 11: 1585–
1593.
SIREN, A., P. HAMBACK AND J. MACHOA. 2004. Including spatial heterogeneity
and animal dispersal when evaluating hunting: a model analysis and an
empirical assessment in an amazonian community. Conserv. Biol. 18:
1315–1329.
SMYTHE, N. 1986. Competition and resource partitioning in the guild of neo-
tropical terrestrial frugivorous mammals. Annu. Rev. Ecol. Syst. 17:
169–188.
TRICHON, V. 2001. Crown typology and identiﬁcation of rainforest trees on
large-scale aerial photographs. Plant Ecol. 153: 301–312.
TRICHON, V. AND M. P. JULLIEN. 2006. Tree species identiﬁcation on large-scale
aerial photographs in a tropical rain forest, French Guiana - Applica-
tion for management and conservation. For. Ecol. Manage. 225: 51–
61.
VOOREN, A. P. AND D. M. J. OFFERMANS. 1985. An ultralight aircraft for low-
cost, large-scale stereoscopic aerial photographs. Biotropica 17: 84–88.
WHEATLEY, M. AND C. JOHNSON. 2009. Factors limiting our understanding of
ecological scale. Ecol. Complex. 6: 150–159.
WISZ, M. S., R. J. HIJMANS, J. LI, A. T. PETERSON, C. H. GRAHAM AND A. GUI-
SAN. 2008. Effect of sample size on the performance of species distri-
bution models. Divers. Distrib. 14: 763–773.
WU, J., W. SHEN, W. SUN, AND P. T. TUELLER. 2002. Empirical patterns of the
effects of changing scale on landscape metrics. Landscape Ecol. 17:
761–782.
316 Garzon-Lopez, Bohlman, Olff, and Jansen
